Abstract: Air cold plasma has been used as a novel method for enhancing microbial fermentation.
Introduction
Cell membranes not only gives rise to cell shape and provide protection for the cell but they are also involved in metabolic processes, such as the transport of ions and nutrients, the storage and transmission of energy, as well as in cell signaling and communication [1] . During biotransformation, the rates of nutrient uptake and metabolic product release are greatly restricted by the cell membrane. Therefore, the production capacity of microbial cell in biocatalysis and fermentation may be gravely compromised [2] . It is, therefore, necessary to artificially regulate cell membrane permeability to improve the yield of target products in a biotransformation process.
Numerous pre-treatment technologies have been developed to control the membrane permeability of microbes. These technologies include osmotic pressure, oxidative stress, rare-earth ion exposure, electric field and microwave irradiation [3] [4] [5] [6] [7] , and they work by altering the functional properties of the cell membrane to promote the permeability and transport of ion and macromolecules. However, these methods have several drawbacks. For examples, chemical methods such as osmotic pressure, oxidative stress, rare-earth ion exposure, generate enormous hazardous wastes, while physical methods, such as electric field and microwave irradiation, are difficult to apply in a large-scale implementation. Therefore, there is a need to develop a novel approach for altering the cell membrane permeability, one that is simple and has superior efficiency in addition to being an energy saving and environmental friendly process. Such a method would have a great benefit for the environment and a broad market prospect.
Air cold plasma has recently been recognized as one of the novel and advantageous pre-treatment technologies because of its high efficiency, low energy consumption, and environmentally friendly features. In recent years, it has been widely used in sterilization and mutagenesis of industrial microbes as a result of its physical and chemical properties [8] [9] [10] . In our earlier studies, we have reported that dielectric barrier discharge (DBD) plasma at air atmospheric pressure can improve the productivity of 1,3-propanediol in Klebsiella pneumoniae by about 56% in batch fermentation [11] . The cell membrane permeability of the exposed cells is also markedly increased throughout the fermentation [11] . Furthermore, ethanol yield by plasma-exposed Saccharomyces cerevisiae has a close relationship with the plasma parameters, such as plasma discharge time, power voltage and the volume of the cell suspension used in the exposure. Under the conditions of 1 min, 26 V and 9 mL, the final yield of ethanol is 0.48 g· g -1 , an increase of 33% over control [12] .
Bakers' yeast, S. cerevisiae, is widely used in the biological production of ethanol. Increasing the permeability of the yeast cell membrane would promote the rates of glucose uptake and utilization, thereby increasing the ethanol yield in the fermentation. The glucose metabolic pathway of S. cerevisiae during anaerobic fermentation is shown in figure 1 . The tricarboxylic acid cycle (TCA) pathway does not operate as a cycle in the mitochondria, as most of the earlier reports have described, but, rather, it occurs as two branches in the cytosol [13] .
Cofactors such as adenosine triphosphate (ATP) and the reduced form of nicotinamide adenine dinucleotide (NADH) play important roles in the distribution and rate of metabolic fluxes in a metabolic pathway. ATP is obtained from glycolysis, and its increase may enhance the growth rate of the cell or organism [14] . However, Larsson et al. reported a strong inverse proportional relationship between intracellular ATP level and the rate of glycolysis; i.e., the lower the concentration of ATP, the higher the glycolysis rate [15] . The rapid consumption of glucose could lead to the accumulation of NADH. Most of the NADH produced during glycolysis is subsequently oxidized and used in the ethanol synthesis. The calcium ion is an important secondary messenger. Changes in cytosolic Ca 2+ concentration are associated with the regulation of an extensive variety of metabolic reactions, such as cell metabolism, cell signaling, membrane transport channels and the activities of some types of ATPases [16] . As shown in figure 1 , a rise in Ca 2+ concentration in the cytoplasm can be the result of increased extracellular Ca 2+ inflow through the cell membrane-located Cch1 protein/Mid1 protein (Cch1p/Mid1p) channel or as a result of vacuolar Ca 2+ outflow into the cytoplasm via the Yvc1 protein (Yvc1p) channel on the vacuole membrane [17] [18] [19] [20] . The opening of ion channel is one of the mechanisms by which cell membrane permeability is enhanced. Up to now, little information has been available on the impact of air cold plasma on cell membrane permeability and the levels of cofactors in yeast metabolism during ethanol fermentation.
The aim of the present study was to explore the influence of air cold plasma exposure time on the permeability of yeast cell membrane by measuring the changes in cytoplasmic free Ca 2+ concentration after subjecting the cells to different plasma exposure times. In addition, changes in the levels of the cofactors, ATP and NADH, were also measured to investigate the effects of plasma exposure time on cofactors' metabolism. This study aimed to provide useful information concerning the possible use of air cold plasma to control the metabolism of cofactor in yeast cell through altering its membrane permeability. 
Experiment

Microorganism and growth condition
Preparation of pre-exposed sample
Yeast CGMCC-6184 preserved in a refrigerator was revived on YPD agar medium at 
Cold plasma discharge processing
The cold plasma discharge equipment and the main steps involved in the sample exposure process using cold plasma ( Figure 2 ) were similar to those described in our earlier report [21] . The unexposed and exposed cell suspensions were immediately subjected to further analyses as described below or to flask fermentation. Samples from a fermentation culture were withdrawn at 9 h and 21 h for the same series of analyses. A more detailed description can be found in a previous report [21] . 
Determination of membrane permeabilization
Membrane permeabilities of unexposed cells and cells exposed to plasma were determined at the 0 h, the 9 h and 21 h culturing stages, as described previously [21] , but with modification.
Fluorescein diacetate (FDA) was added to the yeast suspension to a final concentration of 0.5 mg· mL -1 . After incubation in the dark at 37 o C for 5 min, the cells were collected, washed twice in phosphate buffered saline (PBS) and then re-suspended in PBS to a density of 1.0×10 6 cells· mL -1 .
The fluorescence of the cells was measured with a fluorescence spectrophotometer (JASCO Japan C., Ltd.). Excitation and emission wavelengths were set at 269 nm and 517 nm, respectively. The fluorescence intensity of the sample was expressed as percentage relative to control.
Determination of membrane potential
The membrane potential of yeast cells was measured with a fluorospectrophotometer as described previously [21, 22] . Rhodamine123 (Rh123) was added to the cell suspension to a final concentration of 10 μg· mL -1 . After incubation in the dark at 37 o C for 30 min, the cells were collected, washed twice and re-suspended in PBS to a concentration of 1.0×10 6 cells· mL -1 . The cell suspension was subjected to membrane potential measurement. Excitation and emission wavelengths were set at 244 nm and 486 nm, respectively. Fluorescence intensity was expressed as a percentage relative to the control.
Determination of cytoplasmic Ca 2+
The pretreatment for Ca 2+ permeability with Fluo-3 AM as fluorescent probe was similar to the reported approach [21, 23] . 
Measurements of extracellular ATP and NADH contents
The cellular content of NADH and ATP may be released into the extracellular space by active exocytosis or diffusion across membrane channels under condition of cell stress [24] . Therefore, the supernatants of the unexposed cell suspension and cell suspension that had been exposed to cold plasma collected after centrifugation were directly used for ATP and NADH assays. ATP assay was performed with an ATP Colorimetric Assay Kit (NJJCBIO, China) according to the manufacturer's instruction. NADH assay was performed using an Amplite TM Colorimetric Total nicotinamide adenine (NAD) and NADH Assay Kit "Blue Color" (AAT Bioquest Inc, Sunnyvalve, CA, USA) according to the manufacturer's instruction.
Protein assay
The protein concentration of the above supernatants was measured using the Bradford assay [25] .
Data analysis
All of the measurements were performed in triplicates. All of the data statistics, including means, standard errors, and significance comparison were calculated by Origin 7.0 software.
Significant differences between test samples and controls were considered at the P<0.05, P<0.005 or P<0.001 level.
Results
Plasma membrane permeability
The changes in membrane permeability exhibited by S. cerevisiae cells following their exposure to plasma and subsequent culturing under fermentation condition are shown in Table 1 . After exposure to plasma for 1 min, the membrane permeability decreased compared to unexposed cells, but increased when the exposure time was increased from 2 min to 4 min, and then fell back to the level of unexposed cells when the exposure time was increased to 5 min. The membrane permeability of the exposed cells reached a maximum when the cells exposed for 4 min were cultured for 9 h, yielding a 1.2 fold increase over that of unexposed cells. As for cells that were cultured for 21 h, significant increase in membrane permeability only occurred for those that were derived from cells exposed to plasma for 1 min and 5 min. 
Plasma membrane potential
The membrane potential was detected with the aid of the fluorescence probe Rh123 ( Table 2 ).
The fluorescence intensity of Rh123 positively correlated with plasma membrane potential. These data showed that the plasma membrane potential was raised (20%) when the cells were exposed for 1 min but was reduced when they were exposed for 2 min to 5 min. When the exposed cells were cultured for 9 h, only the membrane potential of the cells derived from those exposed for 1-min decreased relatively to those derived from non-exposed cells. Other exposure times gave different increases in membrane potentials, among which 2 min exposure yielded the maximum increase (70%) over non-exposed cells. In the case of 21 h fermentation, 4 min and 5 min exposure gave significant increases in membrane potential compared to non-exposure. These data seemed to indicate that cold air plasma discharge could either enhance or reduce plasma membrane potential of S. cerevisiae cells. 
Cytoplasmic calcium content
The intra-cellular calcium concentration of plasma-exposed cells was measured with the fluorescence probe fluo-3 AM (Table 3 ). The calcium concentration in the cytoplasm increased with plasma exposure time, with 5 min exposure gave the highest increase, about 36% more than the concentration detected in the non-exposed cells. After 9 h of fermentation, cytoplasmic Ca 2+
concentrations were markedly raised in the case of 1 min and 2 min plasma exposure compared to no plasma exposure, but in the case of 3-5 min plasma exposure, cytoplasmic Ca 2+ concentrations
were lower compared to no plasma exposure. 
Extracellular ATP content
The effect of plasma exposure on extracellular ATP concentration was most dramatic prior to fermentation (0 h) and at the 9 h stage of fermentation following plasma exposure (Figure 3 ). Prior to fermentation, some significant decreases in extracellular ATP concentration were detected when S. cerevisiae cells were exposed to plasma for 1 min and 2 min, but the significant increases in ATP content occurred when the cells were exposed to plasma for 3-5 min compared to non-exposed cells. At the 21 h stage of fermentation, however, extracellular ATP content for 1 min and 5 min exposure appeared to be somewhat lower than that of non-exposed cells. The result, therefore, indicated that plasma exposure might alter the concentration of extracellular ATP either immediately after treatment or when the treated cells were allowed to propagate for a moderate period of time under normal culturing conditions. 
Extracellular NADH content
Differences in extracellular NADH concentration between non-exposed and plasma-exposed S. cerevisiase cells were less uniform for all the three stages of testing. The differences were more pronounced between non-exposed cells and exposed cells prior to fermentation or at the 21 h stage of fermentation (Figure 4) . Prior to fermentation, 1-min treatment induced a decrease of 60%, but 2 min and 3 min treatments caused 0.8 fold and 1.8 fold increases, respectively, in extracellular NADH concentration. At the 9 h fermentation stage, extracellular NADH concentrations of exposed cells were either similar to or significantly lower than that of non-exposed cells. However, cells that were exposed to plasma for 1 min exhibited significantly higher extracellular NADH concentration than non-exposed cells at the 21 h fermentation stage although it remained much lower than that of non-exposed cells in the other two stages (0 h and 9 h). In addition, 5 min exposure also showed significantly higher extracellular NADH concentration than non-exposed cells at the 21 h fermentation stage. Taken together, these results suggested that plasma exposure could alter the extracellular concentration of NADH, either immediately after treatment or in subsequent fermentation, depending on the exposure time. 
Discussion
In this study we have demonstrated that noticeable increases in membrane permeability of live cells were evident after the cells were exposed to plasma exposure for 1 min (Table 1 ). At the 9 h and 21 h stages of fermentation, the membrane permeability was reduced, indicating that the influence of air cold plasma on membrane permeabilization was temporary and non-inheritable.
Our result was in accordance with the finding of Yonson et al. who reported that cell membrane permeability is temporarily enhanced by a miniature atmospheric pressure glow discharge plasma torch [26] .
Membrane potential is a key factor in cellular functions such as signaling and transport, which can ultimately affect cell metabolism [27] . A change in membrane potential can be positively detected by a change in fluorescence intensity of an appropriate fluorophore, such as Rh123.
When discharge plasma takes place over the solution surface, a variety of physical and/or chemical processes are initiated. Lots of active species such as oxygen radical, hydrogen radical, hydroxyl radical and hydroperoxyl radical are generated. These reactive species can diffuse in the surrounding liquid and induce the redistribution of charges of the inner and outer surface of the cell membrane, resulting in increment or reduction of membrane potential. Such alteration of the membrane potential would directly influence the plasma membrane permeability. When S.
cerevisiae cells were exposed to air cold plasma, the change in the membrane potential immediately after treatment contrasted with the change in membrane penetrability ( Table 2 versus Table 1 ). The cell membrane was depolarized due to the lowered potential, ultimately enhancing the permeability of the membrane. More inorganic and organic ions can then pass freely through the cell membrane as a result of this enhancement in permeability [28] . After the 9 h and 21 h stages of fermentation, the membrane potential increment caused membrane hyperpolarization, and consequently improving the membrane permeability.
The alteration of cell membrane potential could activate the voltage-dependent Cch1p channel, leading to more influx of Ca 2+ from the extracellular environment into the cytoplasm (Figure 1) .
Thus the calcium level in the cytoplasm of exposed cells was improved after plasma exposure. Air cold plasma slightly increased cytoplasmic calcium concentration of the cells following 1-min exposure time. This might result from the increase in plasma membrane potential (Table 2 versus   Table 3 , at 0 h culture), leading to cell membrane hyperpolarization and opening of Ca 2+ channel.
However, the opening of Ca 2+ channel did not lead to an increment in cell membrane permeability (Table 1 ). This result suggested that the increase in cell membrane permeability might be governed by more than one channel modulator.
The trend associated with the changes in ATP content in the case of plasma exposure was different from that associated with the changes in membrane permeability with respect to exposure time. This indicated that alteration of extracellular ATP content was a direct consequence of changes in intracellular ATP. Prior to fermentation, the lower levels of ATP at 1 and 2 min plasma exposure might be due to their 6.8% and 10% increases in calcium concentration, respectively.
The increased calcium concentration promoted the hydrolysis of ATP to adenosine diphosphate (ADP) (Figure 3) . A Ca 2+ concentration gradient from 1 to 10 μM, could improve the cell function that regulates cell growth and metabolism to ultimately enhance microbial productivity. However, the high levels of intracellular Ca 2+ can cause cell injury or death [29, 30] . The higher levels of ATP in the cells exposed to plasma for 3-5 min might be due to the inhibition of ATP hydrolysis caused by higher cytoplasmic calcium concentration (Table 3 and figure 3 ). In addition, any disturbance in environmental conditions would affect the activities of catabolic enzymes, thereby accelerating the accumulation of ATP or ADP [30] . Air cold plasma might cause the accumulation of ADP in the exposed cells within 1-2 min exposure, and of ATP in the exposed cells within 3-5 min exposure, as suggested by the data in Figure 3 . The accumulation of ATP or ADP might have instantly influenced the glycolysis rate [31] , producing yet different ATP concentrations at the 9 h or 21 h stage of fermentation, depending on the plasma exposure time (Figure 3 ).
Air cold plasma generates various reactive species in the gas phase [32] . These active species further react with water and produce a variety of biologically active reactive species (RS) in the liquid phase, including long lifetime RS (hydrogen peroxide, ozone, and nitrate ion) and short-lived RS (hydroxyl radical, superoxide and singlet oxygen) [33] . In our study, these reactive species could raise or lower the cell membrane potential and activate Ca 2+ channels, consequently (Tables 2 and 3 , at the beginning of culture). Ca 2+ supplementations of 0.5 mM and 1.5 mM have been shown to induce the increment of ATPase activity [34] . The enhanced ATPase activity would then promote the generation of proton motive force through hydrolysis of ATP [34, 35] . Decreasing intracellular ATP level can result in the up-regulation of the activities of phosphofrutokinase (PFK) and pyruvate kinase (PK) [36] . This would accelerate the glycolytic flux and enhance the NADH level in the central metabolic pathway [15] . At the same time, NADH-dependent alcohol dehydrogenase (ADH) activity might increase, causing an up-regulation of acetaldehyde to ethanol conversion, accompanied by the oxidation of NADH to NAD + [36, 37] (Figure 1 ). Therefore, the NADH level obtained from 1 min exposure was decreased compared with control because of lower level of ATP ( Figure 4 1 min versus figure 3 1 min). The oxidation of NADH to NAD + would lower the activity of NADH-dependent glyceraldehyde-3-phosphate dehydrogenase (GAPDH), leading to reduced glycerol production and eventually resulting in more carbon flux from glycolysis being funneled to ethanol [12, 37, 38] .
Conclusion
The potential mechanism with regard to air cold plasma-induced changes in cofactor metabolism of S. cerevisiae was investigated in this study through analyzing the alterations in plasma membrane potential, cytoplasmic calcium concentration, and the two cofactors, ATP and NADH. Cells exposed to plasma for 1 min presented a remarkable increase in plasma membrane potential, whereas cells exposed to plasma for 2-5 min showed notable decreases in plasma membrane potential. Furthermore, the concentrations of Ca 2+ for 1-5 min exposures were noticeably increased before the start of the culture compared with those of unexposed cells. The 7.0% increase of calcium concentration caused significant decreases in ATP (40%) and NADH (60%) at the 1 min plasma exposure. At 9 h fermentation, ATP content in cells derived from 1 min of plasma exposure increased by 72% whereas NADH content decreased by 88% relative to the control. Taken together, the mechanism by which plasma induced changes in cofactors level in S.
cerevisiae appeared to be through raising the plasma membrane potential, which then led to increases in cytosolic free Ca 2+ concentrations within the cells, ultimately improving microbial productivity. This may have an underlying and broad application in enhancing the bioconversion capability of microbes in the future.
